High-quality Pr 0.7 Ca 0.3 MnO 3 /SrRuO 3 superlattices with ultrathin layers were fabricated by pulsed laser deposition on SrTiO 3 substrates. The superlattices were studied by atomically resolved scanning transmission electron microscopy, high-resolution transmission electron microscopy, resistivity and magnetoresistance measurements. The superlattices grew coherently without growth defects. Viewed along the growth direction, SrRuO 3 and Pr 0.7 Ca 0.3 MnO 3 layers were terminated by RuO 2 and MnO 2 , respectively, which imposes a unique structure to their interfaces. Superlattices with a constant thickness of the SrRuO 3 layers, but varying thickness of the Pr 0.7 Ca 0.3 MnO 3 layers showed a change of crystalline symmetry of the SrRuO 3 layers. At a low Pr 0.7 Ca 0.3 MnO 3 layer thickness of 1.5 nm transmission electron microscopy proved the SrRuO 3 layers to be orthorhombic, whereas these were non-orthorhombic for a Pr 0.7 Ca 0.3 MnO 3 layer thickness of 4.0 nm. Angular magnetoresistance measurements showed orthorhombic (with small monoclinic distortion) symmetry in the first case and tetragonal symmetry of the SrRuO 3 layers in the second case. Mechanisms driving this orthorhombic to tetragonal transition are briefly discussed.
I. INTRODUCTION
Heterostructures and superlattices (SLs) of oxide perovskites open an exciting field of research, since it is possible by present epitaxy techniques to grow samples with clearly defined interfaces allowing for the realization of new functionalities. Some examples are the two-dimensional electron gas at the SrTiO 3 -LaAlO 3 interface, 1 electron tunnelling in multiferroic systems, 2 growth of extrinsic multiferroic superlattices, 3 as well as the observation of a giant interlayer exchange coupling in La 0.7 Sr 0.3 MnO 3 /SrRuO 3 superlattices. 4, 5 The latter exchange coupling leads to positive exchange bias [6] [7] [8] and is mediated by the direct Mn-ORu-bond. 4, 9 The exchange bias is very large, since the individual layer thickness in the SLs is very small. In general, in systems with strong correlations between the electronic, magnetic and structural degrees of freedom one would expect to find new phenomena in the limit of ultrathin layers, i.e. in restricted geometries.
In this paper, another type of perovskite superlattice is studied, consisting out of ultrathin it has a complex magnetic behavior and phase diagram, and for 30% Ca doping several transitions occur upon cooling, with an insulating canted ferromagnetic or antiferromagnetic state below ≃ 110 K 12, 13 . The aim of this work is to investigate the crystalline symmetry of the individual layers. This is a formidable task, since the layer thickness is below 5 nm and since the orthorhombic distortions from the pseudocubic cell are at maximum 0.3% for SRO and 0.6% for PCMO. This task was tackled by high-resolution transmission electron microscopy as well as angular-dependent magnetoresistance (MR) measurements. Since PCMO is insulating, the MR measurements only probe the SRO layers. We have shown before that the crystalline symmetry of orthorhombic SRO single layers could be accurately studied by angular MR measurements, revealing a monoclinic distortion of the a-and baxes 14 that was also observed in high-resolution X-ray diffractometry. with atomically flat terraces of a width between 100 and 500 nm separated by unit-cell high steps. The SLs consisted of fifteen PCMO/SRO bilayers with various layer thicknesses, see Table I .
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High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM), electron energy loss spectroscopy (EELS) and energy dispersive X-ray (EDX) mappings were done in a TITAN 80-300 FEI microscope (300 keV energy of the primary electrons) with a spherical aberration corrected (c s = 0) probe forming system. For the related Scherzer conditions 16 used, i.e. a focus of ∆ = c s = 0 nm, image aberrations were minimum and all atomic columns were clearly resolved in the HAADF-STEM mode.
High-resolution transmission electron microscopy (HRTEM) investigations were performed in a Jeol 4010 (400 keV energy of the primary electrons), and Fourier-filter-related image processing was performed by help of the Digital Micrograph program package (Gatan Inc.).
For magnetoresistance measurements the SLs were mounted on a rotatable stage with an angular resolution better than 0.01
• and an angle slackness after reversal of 0.1 − 0. of crystallographic domains are expected to occur. 15, 17 For example, epitaxial SRO films on DyScO 3 (110) were proven to have tetragonal structure.
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Dark-field reconstructed images in the light of certain reflections, obtained from crosssectional HRTEM images of samples SL1 and SL3, revealed a characteristic difference between these samples: whereas the SRO layers of sample SL1 were clearly orthorhombic, with the long orthorhombic axis lying in the plane of the layers, the SRO layers in sample SL3
were either not orthorhombic or contain only very few orthorhombic domains.
HRTEM images were taken from cross sections of samples SL1 and SL3. FFTs and reconstructed dark-field images in the light of certain reflections were prepared. Note again that in the following the long orthorhombic axis of the SRO unit cell is defined as the caxis. In particular, the following reflections were used to characterize the superlattices with respect to the presence of an orthorhombic phase in the SRO layers: In all the Figs. 4 to 6 the SRO layers were dark, which means that they were not orthorhombic in sample SL3. Only occasionally, small spots of intensity could be seen in the SRO layers, which might indicate that there are very few orthorhombic domains in sample SL3.
In conclusion, the SRO layers of sample SL1 were orthorhombic, whereas those in sample SL3 were either not orthorhombic or contain only very few orthorhombic domains.
IV. MAGNETOTRANSPORT PROPERTIES A. Theoretical considerations
In a ferromagnet, anisotropy energy and resistivity are functions of the direction of the spontaneous magnetization. Therefore, it is possible to conclude on the crystalline symmetry from direction-dependent measurements of the anisotropic magnetoresistance (AMR). The relevant equations for this approach are summarized in the appendix; the derivation followed Döring and Simon.
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The MR ∆ρ/ρ 0 can be written as a function of a symmetric tensor of second rank (A ij ) i,j=1,3 reduced by the directional unit vector (β 1 , β 2 , β 3 ) of the current density:
By definition the β i are the direction cosines of the current density with respect to the crystallographic basis vectors. The tensor components A ij are functions of the direction cosines of the magnetization,
, where M S denotes the saturation magnetization andm the unit vector along the magnetization direction. The functional form of the matrices (A ij ) i,j=1,3 was obtained from crystal symmetry considerations in [19] [20] [21] . Note that in case of crystal systems with a normal basis, the direction cosines obey
In the following indices "c", "t" and "o" refer to the cubic directions of SrTiO 3 and 
B. Angular magnetoresistance
The resistivity and the angular dependent MR of the three samples shown in Table I were measured. Since PCMO single layers are insulating, 24 the resitivity and MR of the superlattices were entirely dominated by the SRO layers. Correspondingly, the resistivity of the PCMO/SRO SLs showed a slope change of the resistivity at the Curie temperature of the SRO layers, 24 from which the Curie temperature of 143 K (as shown in Table I ) for the SRO layers was determined. The Curie temperature of the PCMO layers of 110-115 K was determined from magnetization measurements.
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Here we only show angle dependent MR measurements, since these allow for the determination of the crystalline symmetry. The measurements were performed at various temperatures between 10 and 150 K. In the following the data for samples SL1 and SL3 at 10 and 130 K are shown. The angle dependence of the MR of sample SL2 had the same form as that of sample SL3. Figure 9 shows the MR of sample SL1 measured at 10 K. The MR shows hysteresis for certain angles that indicates the presence of a magnetically hard axis close to the corresponding direction. Since SRO has a large magnetocrystalline anisotropy, 14 even at 8 T the magnetization and magnetic-field direction do not agree at low temperatures. In Eqs. (5-9) were truncated at eighth order. This is in agreement with the results for a single SRO film in [14] . The MR curve in Fig. 10 (b) cannot be described by Eq. (6) even if higher order terms were taken into account, since the experimental data contain a large cos(2θ) term absent in Eq. (6) . The corresponding expression for monoclinic symmetry, Eq. (10), contains this term and fits the data in Fig. 10(b) well, see dashed green line. This result is again in agreement with the SRO single film results 14 and is consistent with the fact that a monoclinic distortion between a-and b-axes was observed in SRO films. 15, 27 Since the MR data cannot be understood within the other epitaxial relations and crystalline symmetries, from the MR analysis we firmly conclude that the crystalline symmetry of the SRO layers of sample SL1 is orthorhombic (monoclinic). This is in full agreement with the HRTEM results discussed in section III. it appears probable that the c-axis of the either tetragonal or orthorhombic structure is along the SL normal, i.e. that the second epitaxial relation shown in Fig. 8 is realized for sample SL3. The out-of-plane rotations shown in Fig. 11 Since the magnetocrystalline anisotropy energy of the SRO layers in sample SL3 is very large, fits of Eqs. (11) (12) (13) were made to the MR data of sample SL3 at 130 K. These fits are shown by the red lines in Fig. 12 ; as above the expressions were truncated at eighth order. The fitting of the curves to the data is fully convincing. However, since the functional form of the MR in Eqs. (11-13) is the same for orthorhombic and tetragonal symmetry, this Table II . Therefore we conclude from the angular dependent MR measurements that the SRO layers in samples SL2 and SL3 have tetragonal symmetry with the c-axis along the SL normal. This conclusion is consistent with the conclusion of the HRTEM studies that the SRO layers in sample SL3 are not orthorhombic, see section III. We cannot firmly exclude, however, the existence of tetragonal domains with an in-plane c-axis.
V. DISCUSSION AND CONCLUSIONS
In this work we have shown by a combination of two techniques, namely high-resolution transmission electron microscopy and angular dependent magnetoresistance measurements, that the SrRuO 3 layers in a Pr 0.7 Ca 0.3 MnO 3 /SrRuO 3 superlattice undergo a phase transition from orthorhombic to tetragonal structure, when the thickness of the PCMO layers is increased from 1.5 to 4 nm. The orthorhombic c-axis of the SRO layers was found to lie in-plane, whereas the tetragonal c-axis of the SRO layers seemed to be oriented along the SL normal; for the tetragonal orientation, however, the existence of crystallographic domains with in-plane c-axis cannot be fully excluded. The results impressively demonstrate that this structural phase transition has a large impact on the magnetotransport properties. This is surprising, since the actual atomic displacements between the phases are rather small.
What drives this phase transition? An obvious candidate in case of thin films and superlattices is the strain. Indeed, the transition temperature for the orthorhombic(O)-totetragonal(T) transition was found to be substantially lowered in compressively strained SRO films grown on SrTiO 3 (001). 27, 28 Since PCMO has an even smaller lattice constant than STO, a further lowering of the OT-transition temperature might be expected; furthermore, the strain exerted by the PCMO layers is not biaxial, but anisotropic, which might also modify the strain effect. Since we observed the tetragonal structure of the SRO layers down to 10 K, this would mean that the strain effect had lowered the OT-transition temperature basically to zero. Although this scenario is not excluded, it might appear unlikely.
In an alternative scenario the OT-transition might be influenced by the electronic or magnetic coupling between the PCMO and SRO layers. Here it would be interesting for future research to look for structural anomalies in these superlattices near the magnetic transition at 110 K and the charge ordering transition near 240 K.
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APPENDIX
The unit vector of the magnetization in the system of the SrTiO 3 substrate crystal is written asm = (sin θ cos ϕ, sin θ sin ϕ, cos θ) such that θ is the angle between the magneti- 
C. Epitaxial Relation 1, monoclinic symmetry (C 2h )
Compared to the orthorhombic symmetry there is only one modification: ∆ρ/ρ 0 = c 0 + ∞ n=1 c 2n cos(2nθ) .
Note that the coefficients in the expression for the first and third as well as the second and fourth configuration are the same. 
Note that c For orthorhombic symmetry the equations for the out-of-plane rotation configurations have the same structure as the corresponding ones for tetragonal symmetry specified in the preceding section. This comes from the fact that the choice of rotation planes to be the (100) c and (010) c planes does not allow for a discrimination of the orthorhombic a-and b-axes which are under 45 degrees with respect to the rotation planes. The symmetry of the in-plane rotation, however, leads to different expansions. 
